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The analysis of hydraulic systems with respect to 
contamination has received considerable attention by de-
sign engineers the past ten years. Because of higher 
pressure component environments and correspondingly narrow 
clearance spaces and micronic size orifices, these engi-
neers can no longer ignore the effect of contaminant upon 
the system design characteristics. Examples of increasing 
clearance spaces so that a component can tolerate its con-
taminant environment are common everyday occurrences. 
Engineers in the past have been able to II fixUI the system 
by specifying a better filter and reducing the cause of 
contaminant build-up. A lower economical filtration limit 
has been reached and designers are realizing that compo-
nents now must be designed to operate in or tolerate a 
certain level of contamination. This level is now com-
monly referred to as the contaminant tolerance level and 
may be defined as the contaminant particle size distribu-
tion of the fluid s.µ.ch that all components of the system 
will function properly during its specified operation for 
an acceptable time interval. It is the assignment of a 
1 
quantitative contaminant tolerance level to a system that 
presents an almost insurmountable tasko 
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Contamination in a system can be classified into two 
distinct categories~ ( 1) that which m_ay be removed eco-
nomically by a network of filtration and proper mainte-
nance and (2) that which cannot be removed economically 
and is referred to as background contaminant. The regula-
tion of the background contaminant normally presents the 
problems to the design engineero There are two solutions 
for eliminating the background contamination~ and they are 
(1) redesign of the contaminant sensitive components and 
( 2) change of the oil in the system. To enable the engi=, 
neer to predict the contaminant background build-up~ con-
taminant generation mechanisms must be identified and 
their rates of contribution knowno From these known rates 
of generation, the design engineer then can determine 
those mechanisms of contaminant generation which can be 
tolerated and those which must be minimized or eliminatedo 
One such major mechanism of contaJI1in~ant generat;io.1u i.s 
cavitationo 
Cavitation is the formation of partial vacuums or 
bubbles in a liquid caused by a change in environmental 
conditionso Cavitation in a system or component may be 
expected when portions of the fluid are subjected to pres-
sures near the vapor pressure of the particular fluido It 
is characterized by the development of minute bubbles which 
grow in size, due to the low pressure; from undissolved 
vapor or gas nuclei in the liquid. In a flowing system 9 
the bubbles are swept downstream and collapse in regions of 
higher pressure. If the point of collapse of the bubble is 
near the boundary of the component, structural damage to 
the component may occur if the shock due to the collapsing 
of the cavitation bubbles is of sufficient magnitudeo 
Since cavitation often appears downstream from the filter-
ing system, it becomes important to determine the size 
distribution introduced into the fluid such that the de-
sign engineer can initiate corrective measures if neces-
saryo If the sizes of the distribution generated are 
tolerable in a system, then additional filtration because 
of the cavitation is not requ.iredo However, i.f the gener-
ated particles are of sufficient size and concentration~ 
they may cause failure of the systemo An example indicat-
ing the importance of knowing the particulate sizes gener-
ated as a result of cavitation is in the missile field. A 
typical missile fluid system, whose lifetime may be in the 
order of several minutes, is constructed using sophisti-
cated fluid components that require very clean fluid con= 
ditions. If the components of the system are not 
limited by cavitation conditions, then smaller components 
of lighter weight (such as a pump) could be used to handle 
larger flow rates and operate in a cavitating environment 
as long as the particle sizes generated are below the 
contaminant tolerance level of the fluid system. There-
fore, in specific instances it may be feasible to operate 
at cavitation conditions providing that the foreign mate-
rial introduced to the fluid will not be detrimental to 
the function of the system. 
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The optimum locationj type, and size of filtration 
components can be designed into a system if the design 
engineer has an insight into the mechanisms of contamina-
tion generation, the contribution of these mechanisms, and 
the effect of the contamination upon the system. 
It is the purpose of this study to determine the 
parameters which provide the information necessary to pre-
dict the particulate contaminant generated in a system as 




Since the beginning of the twentieth century when cav-
itation was first studied extensively, the principal con-
cern of the many investigators has been to (1) identify 
the mechanism by which the damage occurs, (2) determine 
the material or material properties which can best resist this 
damage, and ( 3) formulate mathematical models arid theories of 
the cavitation bubble growth and collapse and the subsequent 
material response to this collapsing action. 
In the earlier investigations, the difficulty of de-
termining the cause of the material damage was due to the 
fact that the cavitation occurred at a low rate or inten-
sity in a relatively high corrosive environmento The 
tests were conducted in sea water on ship propellers over 
a period of years. Other mechanisms of material removal 
are initiated as a result of cavitation damage of a mate-
rial's surfaceo One such mechanism is erosion which is 
accelerated by the roughened surface resulting from cavi-
tation damage. Methods of classifying materials or their 
properties as to their cavitation damage resistance have 
5 
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been somewhat limited until recently by the inability to 
identify an acceptable correlation parameter for the broad 
range and various types of materials that are available to 
present day designerso Many theoretical expressions have 
been derived to predict the energy released by the col-
lapse of the many bubbles during the cavitation actiono 
Hydrodynamic and liquid environmental effects have been 
explored in connection with the·se expressions to give a 
broader insight into the growth and collapse of the bub-
bleso Various experimental devices have been used in or-
der to simulate or model the bubbles during their life 
cycle of the cavitation action that is encountered in the 
various field installationso 
A review of the literature has revealed little infor-
mation concerning the size and distribution of the parti-
cles generated as a result of cavitation damageo A 
selected number of theories on the failure of the materials 
are available and will be presented along with a discus-
sion of the apparatus used in the tests, the various means 
of measurement~ and the analyses of cavitation damageo 
Mater;ial Failure Theories 
A large number of theories on material failure due to 
cavitation are given in the literature. Theories based on 
mechanical, chemical, electrochemical, thermo-mechanical, 
etc., have been theorized and supported in some instances 
7 
by experimental datao A majority of the investigators 
accept the mechanical action theory as the primary cause 
of cavitation damage to structural members of components 
in fluid systemso Bubbles due to cavitation release large 
amounts of kinetic energy during collapse which is con-
verted into a shock wave or liquid jet producing a blow to 
the metal surface such as a hammering effecto If the 
blows are of sufficient magnitude, failure of the metal 
occurs and small particles of the material are removed 
from the surfaceo 
Parsons and Cook (1) 1 were perhaps the first investi-
gators to attribute the mechanical action as the primary 
basis for cavitation damage and placed secondary impor-
tance upon the other damage contributors (such as 
mechanical-chemical tneories, etc.)o Foettinger (2) 
strengthened this mechanical action theory by producing 
damage pits,similar to those found on centrifugal pumps 
and water turbine impeller vanes, in neutral glass. He rea-
soned that if chemical or electrolytic action was active, 
then the materials should also be damaged where cavitation 
was not present. 
From the microscopic examination of the surface of 
materials subjected to cavi tati.on 9 Boetcher ( 3) ~ using a 
flowing system, suggested that the damage was ii either a 
1The numbers in parentheses refer to references in 
the Selected Bibliographyo 
8 
hammering or the removal of tiny pieces at a time, rather 
than an erosive action.vu He proposed that the destruction 
of the material was caused by either compressive action or 
cavitation fatigue. The compressive action theory was 
based upon the fact that if the material was stressed 
higher than the compressive yield point, then deformation 
of the material would occur. If this mechanism were re-
peated by additional blows, either the material would fail 
and break or strain hardening would occur and ~revent fur-
ther deformation. The second mechanism of damage 9 cavita-
tion fatigue, assumed uo an entirely different aspect 00 ( 3). 
Although the material was stressed below the compressive 
yield point, damage could occur by the mechanism of fa-
tigue. Boetcher (3) also suggest a progressive type of 
material damage as a result of the cavitation damage. In 
this theory, the initial pits, as a result of the removal 
of small pieces of the material, act as points of stress 
concentration and result in vu a sidewise spreading of the 
destruction as well as a deepening of the pi ts. 00 
Poulter (4) proposed that during the repeated stress-
ing of the material~ liquid penetrates into small openings 
of the material and upon the subsequent release of the 
pressure on the surf ace, n the cohesive forces of the glass 
or quartz are not great enough to retain the liquid under 
the compressed condition." By covering a portion of the 
test specimen with an oil film, Poulter (4) presented 
9 
experimental evidence that the oil film area was undamaged 
and that the exposed area exhibited a pitted surfaceo 
Wheeler (5) proposed an ejection mechanism whereby parti-
cles are exploded from the material due to an accumulation 
of energy below the surface as a result of the cavitation 
action upon the surface of the materialo An upward extru-
sion of metal as a result of the hammering action of the 
cavitation is another mechanism suggested by Wheeler (5)o 
This extrusion of the material is known as iipiling up" and 
forms a raised rim about a crater or pit which is removed 
by subsequent blows of the cavitation action. 
Thiruvengadam. (6) with the aid of microscopic examinations 
of dam.aged material surfaces concluded~ 
This [experimental observation] proves beyond 
doubt that the loss of material is due to the 
uchipping off 01 process produced by the repeated 
overlapping indenta.tions of the shock waves o 
Figure 2-1 gives a definition sketch for the shock wave 
and deformation resulting in a raised coronet or the 
iipiling Up 19 Of the mat,erial (5)o 
Plesset and Ellis (7) and Plesset and Devine (8) have 
shown., by means of X-ray and electrolytic polishing tech-
niques, the depth of this plastic deformation for various 
materials that have been subjected to cavitation intensi-
ties for various intervals of timeo Kornfeld and Suvorov 
(9) attributed the cavitation destructive action to un-
stable bubbles which upon collapse result in a liquid jet 






Deformation Due to Shock Wave as a Result of 
Cavitation Bubble Collapse (20) 
11 
2-2). Because of the nonsymmetrical location of the 
crater's raised rim as a result of unsymmetrical bubble 
collapse, Robinson (10) also supported the "fluid jet dam-
age hypothesis, as opposed to the shock wave impingement 
hypothesis.uu Naude and Ellis (11) calculated that pres-
sures of the order to 105 to 106 PSI were produced upon 
the boundary of the material as a result of the impinge-
ment of this fluid jet. 
Hammitt (12) suggests that the sizes of material lost 
from heavily overlapped damaged surfaces may be at least 
of the same magnitude as the pits observed in the earlier 
part of the test. Nowotny (13) is perhaps the only inves-
tigator who has reported data concerning the size of par-
ticles broken from the material surface as the result of 
cavitation damage. He (13) found that particles smaller 
than the grain size appeared in the test liquid and that 
for a crystal with a grain size of 10-'cms,particles as 
4 S 
small as 10- to 10= ems were produced. 
Experimental Evaluation of Materials 
The three most common types of experimental apparati 
used to classify materials as to their cavitation damage 
resistance are the (a) vibratory or magnetostriction 
device~ (b) flow devices such as the venturi section, and 
(c) the rotating disk. The various types -of' devices used 














Figure 2-2. Deformation Due to Liquid Jet as a Resul t 
of Nonsymmetrical Cavitation Bubble 
Collapse 
13 
prevented the establishment of a standardized test proce-
dure. An attempt was made to standardize a vibratory type 
test in a report given by Robinson~ Holmes, and Leith (14)o 
However, the question still remains as to the length of 
time the materials are to be subjected to cavitation dam-
age for comparative evaluation" This is a necessary re-
quirement since the damage intensity (energy absorbed by 
the material/time) is not equal for the various types of 
experimental apparatio 
Vibratory T;y:Qe Apparatus 
The length of exposure time in many experimental 
tests using the vibratory type machine (see Figure 2-3) is 
from a few minutes to four or five hours with measurements 
of weight loss being taken at various time intervals (7~ 
14~ 15, 16, 17~ 18~ 19 1 20)o It has been shown by 
Thiruvengadam (21) that the rate of weight loss (weight 
per minute) exhibits four distinct zones of damage for 
certain types of materialso The .four zones of damage 9 
shown in Figure 2-4~ are the incubation zone 5 accumulati.on 
zone, attenuation zone? and the steady state zoneo The 
incubation zone is defined as that interval of the rate of 
weight loss curve where the weight of material loss is not 
measurableo During the incubation period~ soft materials 
such as lead and pure aluminum are damaged considerably 
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weighto Materials such as some cast irons lose weight 
immediately and exhibit a very short or no incubation in-
tervalo Materials such as stainless steel may have an 
incubation zone in the order of 25 minutes before any 
weight loss is detected (21)0 
The second zone or interval of cavitation damage is 
the accumulation period during which the rate of weight 
loss increases with time (shown on Figure 2-4 as a posi-
tive slope)o The third zone is characterized by a nega-
tive slope and is referred to as the attenuation zone. 
The steady state zone (zone four) is the point at which 
the rate of weight loss remains constant and is the zone 
suggested by Thiruvengadam and Freiser (21) at which mate-
rial should be compared as to their cavi.t ation damage 
resistance. Figure 2-5 is a plot of the rate of weight 
loss for various materials in the steady state zone (2l)o 
Possibly the best reason for using the flowing system 
as a secondary means for classification of a material's 
cavitation damage resistance has been the length of ·time 
necessary to complete a test. Mousson (22) 9 using a dou-
ble weir arrangement~ lists 266 material specimen tests in 
which each specimen was subjected to 16 hours of cavita= 
tion action, which is about eight times that used for the 
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Cavitation Damage IIU has been given by Stiles (23) who con-
eluded that 00 No known materials are available which will 
withstand the severe cavitation conditions often encoun-
tered today o 00 Stiles classified the materials as to their 
cavitation resistance using a 00 globe-style body uu with 
plugs made of various ma.terials with a pressure drop 
across the valve of 2~000 PSI. The types of materials 
commonly used in hydraulic valves and the flow conditions 
under which they would normally be subjected were the con-
di tions under which he conducted his tests o The ti.me nee,-
essary for equal damage of each material was determined 
and the following index (Table I) was constructed by arbi.-
trarily assigning type 316 stainless steel a value of 
unity. 
TABLE I 
INDEX OF RESISTANCE TO CAVITATION DAMAGE (23) 
Material Hours Tested. 
Noo 6 Stellite over Type 316 SS 
Stainless Steel=- 17-4 PH 
Hardened to 1~·.5 RC 
SS T~"J)e 316 Electrolized 
Stainless Steel--· Type 316 
Cast Iron - 0 - A126 Class C 
Chrome l"Ioly Steel-·- c5 
Nodular Iron -- A395 
Carbon Steel -- WCB 
Carbon Steel - AISI Cl213 
Brass·~- ASTl"l Bl6 
Aluminum-=· 1100--F 
*Indicates that 
316 SS when the test 
(2 
the d?.mage 1:ms ::J,ess 



























Other classifications of a material's resistance to 
cavitation damage are given which have been derived using 
the vibratory test device and~ in general, agree with the 
above classification (15 9 18). Hammitt (12), using a 
flowing system, observed that cavitation damage was "in 
the form of irregularly shaped pits which do not change 
with additional exposure to the cavitating field within 
the limited durations utilizedo" He suggested a 11 corre-
lating model in terms of the cavitation bubble density and 
energy and specimen material strength." Robinson (10), 
using mercury and water in separate tests:, reported the 
damage data of the materials as a "Mean Depth of Penetra-
tion, (MDP)o" The values of MDP were obtained by dividing 
the weight loss by the total exposed area and density of 
the specimens. He also presented data for the materials 
in terms of the depth to diameter ratio, which was ob-
tained by the use of profile traces of the cavitated 
surface. 
Rotating Disk Apparatus 
The rotating disk device shown in Figure 2-6 used for 
determining the resistance of materials to cavitation dam-
age utilizes a circular disk with holes drilled at various 
radiio When the disk is rotated in the fluid~ cavities 
(envelope of bubbles) are produced because of the discon-








Figure 2-6. Rotating Disk .Apparatus (24) 
20 
21 
specimens which are to be classified as to their cavita-
tion damage resistance are placed downstream from the 
holes where the cavities collapseo Lichtman~ et alo 9 (24) 
and Thiruvengadam (6) have used this type of device to 
classify materials in addition to the magnetostriction 
device and in some specific instances have shown compar-
able erosion ratings (volume of eroded material) between 
the rotating disk and magnetostriction devices (24)o 
Experimental Correlation of 
Material Properties 
The difficulty experienced by the many investigators 
in determining correlation parameters for a material's 
resistance to cavitation damage can obviously be attrib-
uted to the following factors: (a) the differences in the 
atomic coordination of the various materials, (b) differ-
ences in fluid environmental effects~ (c) differences in 
various testing techniques, etco In an effort to identify 
the mechanical or material property which can best be used 
to judge a material's response to cavitation attack, mate-
rials have been chosen from a specific class (such as 
ductile or brittle classes of materials) since there was 
no apparent correlation outside of a specific classo From 
the data collected by the earlier investigators variou.s 
correlations were attempted between the damage of the 
material and its material properties, a parameter of the 
22 
fluid or a parameter of the test deviceo However~ it was 
only recently that a relationship was discovered between 
cavitation damage and a large range of material properties 
(25)o 
Rao and Thiruvengadam (25)~ using a two-dimensional 
open circuit tunnelj investigated five specimens of com-
mercially pure aluminum (99%) with different mechanical 
propertieso They showed that the average depth of erosion 
was inversely proportional to the Brinell hardness number~ 
fatigue strength, and ultimate tensile stress which are 
proportional to one another. They also found1that the 
weight loss (ounces/hour) was inversely proportional to 
the compressive stress for brittle materials such as con-
crete, brick~ and stone. Thiruvengadam (26) further ex-
perimented with copper, brass, mild steel, stainless steel 
and aluminum and found a 11 good correlation 1g between the 
intensity of cavitation and the strain energy of the mate-
rialo The strain energy was taken as the area under the 
stress-strain curve in a tensile testo Figure 2=7 gives 
the correlation between the strain energy and the recipro-
cal of the rate of volume loss for several materials (20)o 
Robinson (10), using a flowing system, found that 
either the elastic modulus or acoustic impedance corre-· 
lated well with the mean depth of penetration of the spec-· 
imens for a set of materials used with water as the test 
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system "it was not po$sible to correlate the observed d~m-
age with any single mechanical property." However~ there 
was a "fairly good correlation" in terms of a funct.ion of 
tensile strength and true brea~ing stress in the mercury 
testso In general, data taken from several investigations 
show that as the hardness of a specific group of materials 
increases, the resistance to cavitation damage increases 
(indicated by a decrease of weight loss for a constant 
time interval) (18, 22). This relationship is not neces-
sarily true when applied to a large group of different 
materials. Eisenberg (27) gives in his report a detailed 
section on the correlation of material properties and sus-
ceptibility to cavitation damage. 
Cavitation Intensity 
Many measurements have been taken from various mate-
rials such as weight loss 9 volume loss~ rate of weight or 
volume loss, and the number of pits per unit area in an 
attempt to define a "cavitation intensi t.Y. ,u The most i:;:om-
mon method of classifying materials as to their resistance 
to cavitation damage has been the amount of weight loss in 
a specific time interval (15, 18, 22~ 24). Various de-
vices such as the flowing system and magnetostriction ap-
paratus have been used to classify materials, and in some 
specific cases the intensity (weight loss/time) of the 
different devices has been comparable. Knapp (28)~ by 
25 
determining the number of pits per second per square inchi 
found that the intensity (rate of pitting) increased with 
an increase of the flow velocity. Thiruvengadam (19) de-
fines an "Intensity of Cavitation Damage" I as 
where 
·s i e 
I= t 
i = Average depth of erosion 
S = Strain energy e 
t = Time 
[2-1] 
and is a measure of "the power absorbed per unit eroded 
area." He (29) compared the intensities of various de-
vices and found that the most intense device was the ro-
tating disk used ·by Rasmussen (30) and that the least 
intense was a flow device used by Hammitt (12). The ASM.E 
Standard Magnetostriction Device was found to have an in-
tensity of one watt/meter.2which is about 30 9 000 times as 
intense as Hammitt's (12) flow device and one-fourth as 
intense as Rasmussen's (30) rotating disk. Intensities of 
cavitation damage are reported as high as 3,000 watts/ 
meter2 for a stainless steel needle valve that failed in 
10 minutes of operation (29). 
CHAPTER III 
EXPERil"IENTAL APPARATUS AND TEST PROCEDURES 
Introduction 
Experimental apparatus used in the determination of 
contaminant generation mechanisms should satisfy the fol-
lowing general requirements: 
(a) Other mechanisms of contaminant generation 
such as erosion, abrasion, etc" j must be 
minimized, and 
(b) Environmental and background contaminant 
should be minimized by using a small 
fluid testing loop in a relatively clean 
atmosphereo 
An ASME Standard Magnetostriction Apparatus* was used in 
the test program and is described in detail by Robinson~ 
Holmes, and Leith (14)o The vibratory type of cavitation. 
testing machine was chosen for the study for the following 
reasons: 
(a) Contaminant generation due to cavitation is 
*This equipment was made available by the Allis-
Chalmers Research Division, Milwaukee, Wisconsino 
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the only mechanism of particulate generation, .. . ~ ' -
(b) All contruninant generated can be collected in 
the sample containers (see Figure 3-1), 
(c) The amount of fluid required for each test is 
small, thus enabling sub-micronic filtered 
fluid to be used as the test mediUI!I., and 
(d) The machine produces an accelerated test. 
27 
The test apparatus shown in Figures 3-2 and 3-3 con-
sists of a driving oscillator, a field coil which sur~ 
rounds the driven nickel tube and a "dust freevv 
environmental cabinet. A brass bushing silver-soldered to 
the nickel tube is used to fasten the individual material 
test specimens to the oscillating tube ( see Figure '3-1) o 
An alternating magnetic field drives the nickel tube in 
forced vibration at a selected frequency and amplitude. 
Two cooling loops were necessary, one to keep the testing 
fluid at 80 ±5 degrees Fahrenheit and the other to keep 
the temperature-sensitive nickel tube cool. The vvdust 
free" cabinet not only minimized the environmental contam-
inant, but served to reduce the noise level, which is an 
annoying characteristic of this type of testing machine. 
Test Specimens 
Materials were selected for the tests whose range of 
properties would include those normally used in hydraulic 
component design. The materials tested were ductile 
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Figure 3-lo Sketch of Sampling Equipment 
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Figure 3-2. Photograph of Experimental Apparatus 
I\) 
\.0 
Figure 3-3. Photograph of Environmental 





rather than brittle since they are more comm.only used in 
applications where cavitation damage may occuro The mate-
rials used were~ 
(a) 1100-Hl8 aluminum~ strain hardened commer-
cially pure aluminum~ 
(b) Free cutting Brass~ 61050% copper 9 35025% 
zinc and 3.25% lead 9 
(c) 2024-T351 aluminum 1 solution heat treated 
and then cold worked 9 
(d) Monel 9 67% nickelj 30% copper plus small 
amounts of iron, manganese~ silicon, 
carbon and sulphur 9 
(e) 304 Stainless Steel~ chromium-nickel 
austenitic steel 9 and 
(f) Electrolytic Tough Pitch Copper (99o9+% 
copper) o 
Table II is a list of the mechanical properties of these 
materials~ which were used in correlating the various 
generated contaminant data with the material propertieso 
The Brinell hardness numbers were determined using the 
Brinell hardness machine located in the Metals Technology 
Laboratory of the Technical Institute at Oklahoma State 
University" The values for the ultimate elongation 9 ulti-
mate tensile strength and yield strength were taken from 
tables provided from the metal suppliero An approximate 










































































interpolation based on the Brinell hardness numbers of the 
materialso The strain energy (area under the stress-
strain curve to rupture) for the ductile materials was 
approximated by the following relationship (31) 
[3-1] 
where 
ud = Approximate strain energy, PSI 
au = Ultimate tensile strength, PSI 
ao = Yield strength, PSI 
ef = Ultimate elongation, %0 
For brittle materials (ef < 5%) the stress-strain curve 
can be assumed to be a parabola and the area under the 
curve can be approximated by 
[3-2] 
Test Procedure 
The material specimens tested were machined from 
five-eighths inch diameter bar stock with the surface of 
the specimen polished using triple-zero emery papero The 
tests were performed at a frequency of 6j500 ± 50 cps and 
a measured displacement of 0.0034 ± 00005 inches (peak-to-
peak)o The displacement was measured (see Figure )-4) by 
placing a Strobotac light source behind a stud on the 
specimen such that the light shined across the stud of 
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F i gure 3=4o Schemati c Repre sentation of Calibration Equipment 
~ 
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top of the stud looking into the light sourceo By adjust-
ment of the frequency of the light source near that of the 
frequency of the nickel tube 9 the distance between the 
extremeties of the blurred area can be measured and is 
equal to the peak-to-peak displacement of the test speci-
meno It was necessary to calibrate each time a new nickel 
tube was usedo The tests were conducted in filtered (Oa45 
micron millipore filter pads) distilled water using spe-
cial sample containers (see Appendix A) which had been 
cleaned and filled in the Clean Room of the Mechanical 
Engineering Laboratory at Oklahoma State University" Each 
material was tested initially to determine the interval of 
time for each sample periodo The amount of contaminant 
that could be evaluated easily and accurately was the 
basis upon which the time interval was spec.ifiedo It was 
found that for 1100-Hl8 aluminum the sample period neces-
sary for the determination of the particle size _distribu-
tion was approximately one minute 9 while for 304 stainless 
steel the sample interval was five minutes in lengtho 
Intervals of 15 seconds durat.ion were run in some in.-
stances to determine the incubation zone for specific 
materials a As can be seen 9 in some instances (see Figure 
4-1) a weight loss was given by the gravimetric analysis 
of the fluid sample, while a microscopic observation of 
the pad revealed no material particleso This discrepancy 
can be attributed to the background contaminant (from the 
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fluid and air)o Several tests were conducted to determine 
the accuracy of the method used to weigh the amount of ma-
terial lost from the samples as a result of cavitation" 
The samples (which had been weighed before being cavitated.) 
were cavitated in distilled water containers~ and the 
weight of contaminant lost was determined by the weighing 
of particulate in the distilled water (see Appendix A)o 
The samples were then removed from the machine and weighed" 
It was found that the weight measured by the weighing of 
the particulate in the distilled water was two per cent 
greater (maximum variation) than that of weighing the 
specimen before and after cavitationo 
Analysis of Fluid Samples 
All samples taken during the testing of each indi.vid= 
ual specimen were evaluated as to their weight loss during 
the test interval" This data was used to plot the cumula-
tive weight loss versus time for each specimeno In addi-
tion, these samples were divided .into one of the fallowing 
groups for evaluation: 
Group lo Those samples in which the largest 
particle size generated was to be 
determined"! and 
Group 2o Those samples in which the particle 
size distribution was to be evaluatedo 
The samples placed in Group 2 were those taken during the 
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steady state region (rate of weight loss is constant) and 
were evaluated by the procedure given in Appendix Ao The 
steady state region was chosen for the evaluation of the 
particle size distribution since this region has been 
found to be a point where the strain energy of materials 
correlates very well with rate of volume losso The 
largest particle size generated during each sample period 
was determined by surveying a major portion of the filter 
pad area using a low power objective setting on the micro= 
scopeo Materials such as 1100-HlS aluminum and copper 
generated very large particles and the larger sizes could 
be identified visually and then measured with the aid of 
a split-image eyepiece on the microscope for the determi-
nation of the largest particle size generatedo 
CHAPTER IV 
EXPERIMENTAL RESULTS AND CONTAMINATION DATA CORRELATIONS 
Introduction 
The analysis of hydraulic systems during the last 
five to ten years with respect to contamination has been 
primarily concentrated on the cause and effect of the par-
ticulate distribution which is present or characteristic 
of the fluid systemo Current test programs are being con-
ducted to determine the existing distribution in a typical 
system and what distribution is harmful to this systemo 
The analysis of a system's fluid is necessary for several 
reasons: 
(a) To determine if the system is operating 
in a contaminant distribution that is 
tolerable to all components~ 
(b) To determine if the present filtration 
equipment will adequately handle the 
volume of generated contaminant~ and 
(c) To determine~ upon location of a contaminant 
generatorj what type and size of filter is 
needed to protect those components 
38 
'··."'' 
downstream which are not shielded by the 
system filterso 
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The determination of the largest particle size gener-
ated by some mechanism normally is of no significance to 
filter designers since the large sizes will be eliminated 
if a majority of the smaller particles are removed. How-
ever, the largest size generated is important when it 
comes to the placement of the filter in the system since 
the generating mechanism may produce particle sizes large 
enough to cause a decrease in performance or subsequent 
failure. For example, if there is a valve upstream of a 
cylinder which generates particles large enough to score 
the cylinder walls causing leakage, the filter will not 
solve the problem unless it is placed correctly even 
though the contaminant level is below that of its toler-
able value o 
Knowledge of the distribution N(µ) of the particles 
produced by the various mechanisms of contaminant genera-
tion assists the filtration designer to determine the fil-
ter characteristics (mesh area, pore size 9 number of 
layers, etc o) necessary to produce a spec'ified distribu-
tion output (contaminant tolerance level)o 
Largest Particle Size Generated 
The largest particle size generated for the various 
materials teste.d exhibited the same general characteristics 
40 
as the rate of weight loss curve of the specific materials 
(see Figures 4-1 through 4-6)0 In the incubation zone 9 
the material surfaces for the softer specimens, such as 
1100-HlB aluminum and copper, were deeply dentedo However, 
the filtrate pads did not show any generated particles 
although the gravimetric weight indicated a slight weight 
loss" This weight can be attributed.to the background 
contaminant present in the fluid which cannot be removed 
easily even by stringent clean room techniqueso The 
length of the incubation periods for some materials was 
not determined since the initial sampling period extended 
into the second zone of cavitation damage rate (accumula-
tion zone)o However 9 as can be seen from Figures 4-1 9 
4-3~ and 4-6, incubation periods of Oo5 to 15 minutes were 
determined during which particle generation was non-
existento During the second zone of cavitation, damage 
rate (the accumulation zone~ which is characterized by an 
increase in the rate of weight loss)~ the largest particle 
size generated increased to a maximum valueo The time 
necessary to reach this maximum particle size value is 
equivalent to the time the rate of weight loss curve ap-
proaches its maximum valueo For all materials tested 
except 1100·-Hl8 aluminum~ the largest particle size gener-
ated remained constant (at the maximum value reached dur~ 
ing the second zone of cavi.tation damage rate) during the 
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Figure 4-1" Rate of Weight Loss and Largest 
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Figure 4-2. Rate of Weight Loss 1:;1..nd Largest 
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Figure 4-3· Rate of Weight Loss and Largest 

































































v .. / 
10 
i,,""""'- .. - -1 l- -N2(µ.) 
J 
20 30 40 








•-SAMPLE NO. I 
A-SAMPLE.N0.2 
I I I . 
20 30 40 
Tl ME, MINUTES 
Figure 4~~. Rate of Weight Loss and Largest 
Particle Size Generated for 

























































































•- SAMPLE NO. I 
..t.- SAMPLE NO. 2 
I I 
30 40 50 60 
TIME, MINUTES 
Figure 4-.5. . Rate of Weight Loss and Largest 
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1304 STAINLESS STEEL I 
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Figure 4-6. Rate of Weight Loss and Largest Particle 
Size Generated for 304 Stainl_ess Steel 
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4-7 
pure aluminum. 9 1100=Hl8~ gave a slight reduction in the 
largest size generated during the third zone of cavitation 
damage rate. A particle size attenuation zone was not de-
tected for the group of materials investigated in this 
study. 
Figure 4-7 gives a plot of the largest particle size 
generated at steady state conditions versus the strain 
energy of the material. As can be seen from Figure 4-7~ 
stainless steel with a strain energy of nearly twice that 
of monel generates particles of approximately equal magni-
tude as that of monel. From Figures B-5 and B-6 in Appen-
dix B, it can be seen that the stainless steel sample 
loses only one-half the weight that the monel sample loses 
in equal 80 minute tests" Therefore~ the strain energy of 
the material can be used to measure the volume of material 
lost but does not give a satisfactory measure of the mag-
nitude of particle sizes generated for the group of mate= 
rials tested. The concept of using strain energy as a 
measure of volume loss was conceived by Thiruvengadam (6). 
A plot of the largest particle size generated at 
steady state conditions versus the Brinell hardness of the 
material is shown in Figure 4=8. This investigator deter= 
mined from this plot that the diameter of the largest 
particle generated for ductile materials with Brinell 
hardness numbers between 30 and 250 can be estimated by 
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Figure 4-70 Correlation Between Largest Particle 
Size Generated and Strain Energy 
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Figure 4-Bo Correlation Between Largest Particle 
Size Generated and Br.inell Hardness 




µLS= Diameter of the largest particle size 
generated, microns 
BHN = Brinell hardness number. 
The hardness of a metal implies a resistance to permanent 
or plastic deformation (31) and is equal to the applied 





P - Applied load~ kg 
D = Diameter of ball, MM 
d = Diameter of impression, MM. 
As the BHN increases~ the area of indentation de-
creases, thereby decreasing the volume of plastic deformed 
material. From the collapse of bubbles near the material 
surface, a layer of plastic deformed material is produced 
due to the indentations" Subsequent blows chip off this 
extruded plastic deformed material in various irregular 
sizes and shapes. Plesset and Ellis (7) and Plesset and 
Devine (8) have shown by the use of X-ray and electrolytic 
polishing techniques the depth of plastic deformation 
ranging from 21 to 69 microns for a Brinell hardness range 
of approximately 60 to 175 for various materials. There 
was no correlation between the depth of plastic deforma-
tion and BHN in the data reported by them (7~ 8)0 The 
51 
depth of plastic deformation was smaller than or equal to 
the largest size particle generated as given in Figure 4-7 
for the corresponding BHN. From a microscopic examination 
shown in Figures C-1 through C-5 in Appendix C~ it can be 
seen that the particles in general have a flat appearance 
or a measured diameter to an observed depth ratio greater 
than unityo This indicates that the particles ·are flat 
with the depth being equal to or less than the depth of 
plastic deformation and the diameter a function of the 
Brinell hardnesso Figure 4-9 gives a plot of the rate of 
volume loss versus the strain energy of the materials 
tested and is equal to the ratio of the rate of weight 
loss at steady state conditions to the density of the 
material. 
Particle Size Distributions 
The steady state region of the rate of weight loss 
curve was chosen as the point where the particle size dis-
tribution [N(µ )] was determined f·or contaminant generated 
by cavitationo As was shown in Figures 4=1 through 4-6 9 ., 
this is the point at which the largest particle size gen-
erated remains at a constant maximum valueo From a peri-
odic examination of the test specimens 9 it was observed 
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point at which the damaged specimen surface changes from a 
uniformly damaged appearance to a surface exhibiting indi~ 
vidual deep pits. 
The particle size distribution curves shown in 
Figures 4-10 through 4-15 represent the number of parti-
cles generated per one-fifth square inch of exposure area 
of the material tested" These generation curves have the 
same form of empirical relationship as the generation 
characteristics of piston pumps that have been tested by 
the Fluid Power and Controls Laboratory at Oklahoma State 
University" Figure 4-16 represents the contaminant dis-
tribution generated by a piston pump and was obtained by 
taking the difference between the number of particles ap-
pearing at the case drain (generated distribution output) 
and the suction (distribution input)" 
The particle size distribution curves for contamina-
tion due to cavitation plot as straight lines on semi=log 
coordinates except for a small interval at the end of the 
distribution curve which represents the decay in the num-
ber of larger sized particles generated. This point of 
deviation of the distribution from a straight line will be 
defined as the particle cutoff size. The particle cutoff 
size versus the Bri.nell hardness number is given in Figure 
4-17 and has a greater slope than the curve (given in 
Figure 4-8) of the largest particle size generated. The 


















1100- HIS ALUMINUM 
• SAMPLE NO. I 
. •SAMPLE NO. 2 



































I02 a...---..._--i ..... ~--------------........ ------....... ---'-................ _... ....... __ ...._ __ 
. · 100 125 150 175 200 225 250 275 
PARTICLE SIZE, MICRONS 
Figure 4-10. Cumulative Particle· Size Distribution 
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Figure 4-llo Cumulative Particle Size Distribution 
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Figure 4-12. Cumulative.Particle Size Distribution 
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Cumulative Particle Size Distribution 
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Figure 4-16. Cumulative Particle Size Distribution 
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Figure 4-170 Correlation Between Particle Cutoff Size 
and Brinell Hardness Number 
materials whose Brinell hardness ranges from 30 to 250 




µ08 = Particle cutoff size~ microns 
EHN= Brinell hardness number" 
Figure 4-18 is a plot of the distributions of all the 
material tested during the studyo As can be seen from 
Figure 4-18, the slope of the distribution curves in-
creases as the strain energy of the material increaseso 
In Figure 4-19 is given a plot of the slope of these dis-
tributions versus the strain energy of the materialso The 
relationship for the slope of the distribution curves for 
particulate generated by cavitation for Figure 4-19 is 
where 
l"Id = Slope of the distribution curve 9 X 102 
S Strain energy, PSI x 10=' e 
and is valid for ductile materials whose strain energy is 
less than 35,000 PSio 
Assuming a constant bubble density~ the number of 
bubbles collapsing will increase per unit volume of mate-
rial loss for an increase in the strain energy of a mate-
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in a greater rate of generation for a particular size 
particle when the strain energy of the material increaseso 
The effect of fatigue cracks, grain boundaries~ inclusions~ 
weak intercrystalline substances, etco 1 must not be ig-
nored as additional reasons for the increase in the slope 
of the distribution curves. However 9 it is beyond the 
scope of this study to include the effects of such 
mechanisms. 
The size can be determined at which a constant number 
of generated particles exists ror each distributiono At 
N(µ) = 7,000 particles (Figure 4-20), a horizontal line is 
drawn intersecting each distribution curveo From these 
points of intersection~ lines are projected down to the 
abscissa of the curve which determines the values of the 
particle size at N(µ) = 7,000. This size is designated as 
µso The plot of strain energy for all materials tested 
versus the particle size µsat N(µ) = 7,000 particles is 
given in Figure 4-210 
The empirical relationship for µs which represents 
the size at which a constant number of particles are gen-
erated for each distribution derived from Figure 4-21 is 
where 
= 750/S lol85 e 
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for N(µ) Equal to 7~000 
greater thanµ are generated per minute, s 
microns 
S Strain energy, PSI x 10-, o e 
The relationship should be valid for ductile materials 
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whose strain energy is less than 35,000 PSI. The tests 
were conducted in distilled water at 80 ± 5 degrees Fahr-
enhei t at a calculated 10 Intensity" J of 2 watts per square 
meter. 
A correlation, covering the entire range of materials 
tested, between µsand the strain energy for larger parti-
cle distribution values [N(µ) > 7,000] does not exist 
since the copper sample distribution intersects the dis-
tributions of materials with a larger strain energy. How= 
ever, for the materials normally used in component 
structures (exclusion of copper and 1100-HlB aluminum), 
the relationship betweenµ and the strain energy should s 
be valid for a large range of N(µ) values (see Figure 4-
20) 0 
To determine the particle size distribution curve 
generated as a result of cavitation~ the following items 
are necessary: 
(a) The largest particle size generated or the 
point at which the distribution terminates, 
(b) The slope of the distribution curve, and 
(c) The coordinates of a point on the curve. 
The largest particle size generated or the point at 
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which the distribution terminates is needed to completely 
define the particle distribution curve since each material 
has a maximum size at which no larger particles are gener~ 
atedo The value of the largest particle size generated 
can be obtained from either Figure 4-8 or Equation [4-l]o 
The slope of the distribution curve can be obtained from 
either Figure 4-19 or Equation [4-4]" The coordinates of 
a point on the curve can be determined by either Figure 
4-21 or Equation [4-5]" 
Effect of Fluid Viscosity on Particulate 
Contamination Generation 
The effect of fluid viscosity on the size of particu-
late generated was investigated by conducting tests in: 
(a) distilled water 
(b) MIL-H-5606 hydraulic fluid 
(c) 20W Motor oil (non-detergent)o 
A brass sample was cavitated in the distilled water until 
the steady state region of weight loss had been reached. 
The same specimen was then cavitated in the other fluidso 
The largest particle size generated decreased with an in--
crease of fluid viscosityo However 9 to theorize that the 
largest particle size decreases as a result of an increase 
in viscosity is questionable since: 
(a) The rate of weight loss was not determined 
for the tests and a decrease in intensity 
may have resulted with the increase in 
viscosity" and 
(b) The depth of plastic deformation from 
the initial test (distilled water) may 
have influenced tµe results of the 
other testso 
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Since the ou Intensity of Cavitation Damage 00 is defined as 
the energy absorbed by the material per unit area,- there 
was a possibility that a decrease in intensity occurred 
even though the frequency and amplitude remained constant 
during the testso 
To the author's knowledge, a relationship is not 
known between the depth of plastic deformation and cavita-
tion H Intensity o 00 In one instance (7) 9 the depth of 
plastic deformation is reported, but.the intensity, which 
was determined in another study (19) on the evaluation of 
testing devices, was at a constant level. It is the opin-
ion of this author that an increase in the intensity level 
(pure mechanical action~ with no erosion, etco) will re-
sult in an increase of the slope of the distribution curve 
with a slight decrease in the maximum size generatedo The 
effects of inclusions, grain boundaries and other mechani-
cal or material properties may have a different influence 
on the generation characteristics at high cavitation in-
tensitieso The influence of a higher viscosity should 
have the same effect as a decrease in intensityo 
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Although distilled water with a low viscosity was 
used for the tests to determine the relationships derived 
from this study, the expressions should be valid for typ-
ical hydraulic systemso The relationships may possibly 
approach the maximum conditions encountered in a hydraulic 
system as a result of mechanical action. However, the 
validity of the expressions may be questionable in systems 
where the cavitation intensity is very low and corrosion 
may become a major factor in the removal of material. 
CH.APTER V 
APPLICATION OF EMPIRICAL RELATIONSHIPS 
Although a system may incorporate a centralized fil-
tration unit generally capable of producing a specific 
contaminant tolerance level in a portion of a system,con-
taminant generated downstream from a filter may produce 
non-tolerable levels at strategic pointso After identify-
ing the sources of the contamination, it is necessary to 
determine or establish the generating mechanism. Knowing. 
the mechanism and the characteristics or parameters gov-
erning the process will permit the prediction of system 
reliability and performance. 
The characteristics or parameters of contaminant gen-
eration caused by cavitation can be determined by the in-
formation derived from this study if the Brinell hardness 
and strain energy of the material are known. The determi-
nation of the Brinell hardness is a relatively simple 
standardized test. The strain energy of a material can be 
estimated by Equation [3-1] from the properties of the 
specific material which are normally given in metallurgi-
cal tables. 
The empirical relationships derived from this study 
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cover the properties of those materials normally used in 
hydraulic component design and are valid for materials 
whose strain energy is between 3,000 and 35,000 PSI. They 
also encompass a Brinell hardness range of 30 to 250e 
Empirical relations to approximate the particle vize dis-
tribution of cavitation generated contaminant up until 
this time have been non-existent. These relationships 
make it possible to determine the distribution generated 
as a result of cavitation in a hydraulic systemo The 
ability to estimate the particulate contaminant generated 
by a specific mechanism represents a major accomplishment 
in the study of the cause and effect of fluid 
contaminationo 
The following example illustrates the use of the re-
lationships derived from this study to approximate the 
particle size distributionN(µ) generated as a result of 
cavitation: 
For a hypothetical material whose Brinell 
hardness is equal to 150 and has a strain 
energy of 15,000 PSI, the largest particle 
size generated can be estimated by the 
empirical relationship 
µLS= 26,400/BHN1 •195 
and is equal to 66 microns. The slope of the 
cumulative distribution curve can be estimated 
[4-1] 
by the relationship 
and is equal to -4o3 x 10=2 or -00043 parti-
cles generated per minute per microno 
The micron sizeµ at which there are s 
7,000 particles generated greater than µ 8 is 
given by the relationship 
= 750/S lol85 µs e 
and is equal to 30o2 micronso Figure 5-1 is 





From particle size distribution information such as 
derived in the preceding example~ it is possible to quan= 
titatively specify the required performance characteris-
tics of the system 0s filters o 
If the contaminant tolerance level (which may be a 
specific size or concentration of ·a size) of unprotected 
downstream components is known~ then the information can 
be used to determine if an additional filter is required 
to protect these componentso The larger generated. parti-
cle sizes can be estimated to determine if they are capa-
ble of plugging small orifices of control valveso 
Another important application for the technology 
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Figure 5-1. Estimation of N(µ) Using Empirical 
Relationships 
76 
specific types of contaminant generators. The relation-
ships between the slope of the particle size distribution 
curves and the strain energy of materials for various 
mechanisms of contamination generation might be used as a 
"non-destructive II evaluation of the type of wear or the 
identification of the component producing abnormal quanti-
ties of contamination. The contaminant distribution (see 
Figure 4-16) generated by a particular piston pump has a 
slope more than twice that of the distribution generated 
by cavitation of 304 stainless steel. The large slope of 
this distribution curve is caused by the breaking down of 
the larger particles due to the sliding action between the 
moving members of the pump. The presence of cavitation in 
the pump might be detected if the slope of the distribu-
tion curve of the system's fluid would indicate a gradual 
decrease between sampling intervals. 
CHAPTER VI 
SUMMARY AND CONCLUSIONS 
The parameters necessary to determine the particle 
size distribution curve are the slope of the distribution 
curve, the termination of the distribution size and a 
means of determining the volume of particles or an ordi-
nate value on the distribution curve. The results of this 
study have provided the necessary information to determine 
the particle size distribution curve for specific mate-
rials. The conclusions drawn from this study are sum-
marized as to (a) the largest particle size generated for 
the various materials, (b) the volume of material lost~ 
and (c) the characteristics of the generated distribution 
curves. 
Summary 
Largest Particle Size Generated 
The largest particle size gener·ated for the group of 
materials tested gives the best correlation with the 
Brinell hardness number which is a measure of the mate~ 
rial's resistance to indentationo As the BEN increases, 
the area of indentation decreases, thereby decreasing the 
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volume of plastic deformed mat,erialo From the collapse of 
bubbles near the material surface, shock waves or fluid 
jets impinge upon the surface producing indentations in 
the material and results in a volume of plastic deformed 
materialo Subsequent blows to the material chip off this 
extruded plastic deformed material in various irregular 
sizes and shapes. The largest diameter of these particles 
can be predicted by the empirical relationship 
where 
µ18 = 26,400/BHN1 •195 
µLS= Largest particle size generated, Microns 
BHN = Brinell hardness number. 
[4-1] 
The strain energy of the materials was not a good correla-
tion parameter for the determination of the terminal 
(largest size) particle size of the distributiono The 
time necessary for the largest particle size generated to 
reach its maximum value corresponds to the time at which 
the rate of weight loss of the specimen reaches its maxi-
mum value. The existence of a particle size attenuation 
zone for this particular group of materials was not de-
tected except in the case of commercially pure aluminum 
(1100-Hl8). However, the soft aluminum had very deep pits 
which res.ul ts in a less dense bubble cloud and a corre-
sponding decrease in the damage rate (8). 
A particle cutoff-size exists for the generated 
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particles due to cavitation and is defined as the micron 
size at which the particle size distribution N(µ) (plotted 
on semi-log coordinates) deviates from a straight lineo 
The relationship for the particle cutoff-size is 
where 
µCS= Particle cutoff-size, Microns 
BHN = Brinell hardness numbero 
Volume of Material Lost 
[4-3] 
While the strain energy is not the best judge of the 
particle size generated~ it is a very strong function of 
the rate of volume of material loss for the group of mate-
rials tested. The concept of using the strain energy as a 
measure of volume loss is attributed to Thiruvengadam (6) 9 
and for the group of materials tested can be estimated by 
[6-1] 
where 
VL - Rate of volume loss, l"ll"I'/minute 
S St . PSI x 10-3 o e = rain energy, 
The rate of volume loss is the ratio of the rate of weight 
loss at steady state conditions to the density of the 
material. 
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Particle Size Distributions 
The particle size distribution curves for contamina-
tion due to cavitation plot as straight lines on semi-log 
coordinates except for a small interval at the end of the 
distribution curve which represents the decay in the num-
ber of the terminal larger sized particleso 
The slope of the distribution curves is a relatively 
strong function of the strain energy of the material and 
can be approximated by 
[4-4] 
where 
Md = Slope of the particle size distribution 
curve x 102 
s = Strain e energy, PSI x 10-3 • 
The spacing interval of the distribution curves is a 
function of the strain energy of the materialso The value 
for the particle size 9 µ8 ? at which each distribution of 
the materials tested has the same number of particles gen-
erated per minute can be estimated by the relati.onship 
where 
µ8 = Particle size at which 7,000 particles 
greater than µ8 are generated per 
minute , Microns 
[4-5] 
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Se Strain energy~ PSI x 10-~ o 
A correlation, covering the entire range of materials 
tested, between µ8 and the strain energy for larger parti-
cle distribution values [N(µ) > 7,000] does not exist 
since the curve of the copper sample distribution inter-
sects the distributions of materials with a larger strain 
energyo 
Attempts in the past have been made to correlate the 
cavitation resistance of a material (weight loss in a spe-
cific time interval) with the material 1 s hardnesso In 
general, the cavitation resistance of a material increases 
as the hardness increaseso However, in most cases (18~ 
22) a strong correlation was evident between the hardness 
and weight or volume loss only when various hardnesses of 
the same material were tested, This loss of correlation 
outside the specific group may be explained by the fact 
that the hardness is a measure of the range of particle 
sizes generated while the strain energy of the material 
measures the rate -of volume loss o 
Conclusions 
· The conclusions are based on an 11 Intensity of Cavita-
tion Damage 00 I of two watts per square meter as defined by 
Thiruvengadam (19) using Equation [2-l]o The mechanism of 
cavitation damage using the magnetostriction device .is 
primarily a mechanical actiono uo Intensities 00 of 3 9 000 
82 
watts per square meter (29) in a flowing system are rather 
large and might suggest that erosion together with cavita-
tion mechanical action may be the mechanism of material 
removalo 
Although straight lines (determined by the method of 
least squares) were drawn through the observed data for 
the particular range of material properties of the speci-
mens tested, an extension of the relationships to a much 
larger interval may result in a large error. The empiri-
cal relationships should be valid for ductile materials 
whose Brinell hardness ranges from 30 to 250 and strain 
energies from 3,000 to 35,000 PSio 
To the author's knowledge, this dissertation has 
given for the first time the relationships between cavita-
tion generated particulate and properties of the materialo 
The contributions to the field of filtration and to system 
contamination analysts as a result of this study are as 
follows: 
lo If a component of a system is allowed to 
cavitate under certain conditions, then 
the relationships can be used to deter-
mine the sizes generated. If the sizes 
generated are harmful to components down-
stream, then additional filters must be 
placed in the systemo 
2o Filter design parameters can be determined 
since it is possible to determine the 
generated particle size distributions 
using the derived relationshipso 
3o The occurrence of cavitation in a system 
can be detected by the distinct character-
istic slope of the generated particle dis-
tribution which is associated with this 
mechanism of contaminant generationo 
4. Materials can now be selected for hydrau-
lic component design which will minimize 
the buildup of contamination caused by 
cavitation in a fluid system. 
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T.he information derived from the study was far 
greater than that anticipated initially. The possibility 
of identifying various mechanisms of contaminant genera-
tion for wear characteristics by an analysis of the sys-
tem's fluid should stimulate further research into the 
area of contamination generationo 
Recommendations for Future Study 
As a result of this study 3 the following recommenda-
tions are made~ 
lo Tests should be conducted to determine the 
particle distribution characteristics and 
parameters of various intensity levels. 
This information is needed since intensities 
greater than that encountered in this study 
have been reported for various hydraulic 
componentso This study would reveal if an 
increase in weight loss (which is charac-
teristic of an increase in cavitation 
"Intensity") is caused by (a) the genera-
tion of larger particles, (b) an increase in 
the slope of the distribution generated, or 
(c) a simple parallel displacement of the 
distribution curveo 
2. Studies should be conducted to determine the 
particulate generated as a result of other 
mechanisms of contaminant generation. The 
characteristics of these various generation 
mechanisms could be used as a non-destructive 
identification of abnormal wear or possible 
failure of a component. 
3. The effec.t of fluid viscosity on the genera-
tion characteristics of various cavitation 
ii Intensities 00 should be determined. This 
information can be used to determine the 
complete range in which the results derived 
from this study are applicable. 
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Appendix A 
Cleaning and Packaging of Sample Containers 
Testing Procedure Using Packaged Sample Containers 
Evaluation of Particle Size Distribution 
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The determination of the contaminant generating char-
acteristics of cavitation required that stringent clean 
room techniques be followed during the preparation of tbe 
sample containers and the evaluation of the weight of 
material loss o Al though strict ru.les were followed~ the 
gravimetric weights obtained would indicate a weight loss 
even when no apparent generated particles appeared on the 
filter pado However~ this method of determining weight 
loss was considered quite satisfactoryo The advantage of 
this method is that the specimen does not have to be re-
moved for weighing at specific time intervals. However, 
the procedure requires a clean room for preparation of the 
sample containers and the generated weight analysiso 
Given below is the procedure used for the cleaning and 
packaging of the sample containers that were used to col-
lect all material generated during the total testing of 
each individual material specimen" 
Cleaning and Packaging of Sample Containers 
1. The containers were washed in hot tap water 
and soap in an ultrasonic cleaner for 30 
minutes. 
2. The containers were rinsed twice in the 
ultrasonic cleaner changing the tap water 
before each rinsing operation. 
3. The containers were then placed in an oven 
at 180 degrees Fahrenheit for one hour for 
dryingo 
4o They were then taken into the clean room 
and rinsed twice with double filtered 
(Oo45 micron pore size pad) distilled 
water. 
5~ They were then filled with 250 milliliters 
of double filtered distilled watero 
6. Then~ a layer of polyethylene film (rinsed 
with filtered distilled water) with a one-
inch hole cut in the center of the film 
was placed over the mouth of the container 
and fastened with rubber bandso This hole 
in the polyethylene film allowed the nickel 
tube to extend into the test medium and 
also helped prohibit environmental contami-
nant from entering the containers during 
the testo 
7o A second layer of polyethylene fi.lm was 
placed over the first layer to prov.idea 
protective cover for the containers during 
transportation and storageo 
Testing Procedure Using Packaged Sample Containers 
1. The nickel tube was washed down while 
vibrating with solvent to remove any 
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particles which may have been suspended on 
the tube. 
2o The outer protective cover was not removed 
until after the machine was in operation 
(specimen vibrating in air)o 
3o The sample container was raised up by means 
of a screw jack until the specimen was 
immersed one-eighth of an inch into the 
test mediumo The timer was also actuated 
at this time o 
4. After a specified time interval (the time 
necessary to generate the amount of con-
taminant which could be counted easily and 
accurately), the timer was stopped and the 
sample container removed.· 
5o The outer protective cover was replaced im-
mediately over the mouth of the containe.ro 
6. Steps 3, 4, and 5 were repeated until the 
weight loss had reached a steady state 
value. The time to reach the steady state 
value was determined from previous tests 
and the literature and could be identified 
by observing the test specimen surface dur-
ing the testo The point at which the 
specimen surface changes from a uniformly 
damaged appearance to a surface with 
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randomly placed deep pits is normally the 
beginning of the steady state regiono 
Evaluation of Particle Size Distribution 
lo A millipore pad (Oo45 micron size pore 
diameter) was placed in a vacuum oven at 
80 degrees Centigrade for 30 minutes and 
then placed into a desiccator allowing the 
pad to reach room temperatureo 
2o The pad is then weighed to the nearest one-
hundredth of a milligram using a precision 
analytical balanceo 
3o The 250 milliliters of distilled water con-
taining the generated contaminant is filtered 
through a 0.45 micron sized pore size pad 
rinsing down the walls and inside of the jar 
with double filtered distilled water to in-
sure that all contaminant is placed on the 
pad. 
4. Steps 1 and 2 are then repeated to give the 
weight of the generated contaminan·t and the 
pad. 
5. The filter pad is then placed in a :petri 
dish for counti.ng to determine the particle 
size distribution. 
A modified SAE Aeronautical Recommended Procedure 
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Noo 598 for particle counting with a split image eyepiece 
and a calibrated scale was used to determine the particle 
size distribution of the generated contaminanto The cali-
brated scale was used as a reference line (or 11 gate 11 ) 
under which the particles were passed for countingo By 
passing the particles on the pad under the scale 9 their 
size is noted and those equal to or greater than the size 
set on the image splitter are tabulatedo The total number 
of particles on the filter pad (Oo47 1"lM diameter) in each 
size range can be determined by scaling the area of the 
filter actually counted to the total effective filter area 
and is given by 
where 
T == Total p 
range 




number of particles 
on the filter 
number of particles 
areas 
of a given size 
counted in N 
N == Number of unit areas, where a unit area :Ls 
equal to the width of the calibrated scale 
times the distance between two grid lines 
[A-1] 
{~The derivation of this equation i.s given in Progress 
Report No o 65-2, 11 Study of Filtration Mechanics a.TJ.d 
Sampling Techniques~" Contract: NAS 8 11009~ Prepared by 
School of Mechanical Engineering Fluid Power and Controls 
Laboratory~ Oklahoma State University, Stillwater~ 
Oklahomao 
on the millipore filter pad (47 MM diameter 
pad) 
M0 = Objective power of the microscopeo 
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A magnification of 520X was used to count particles 
whose size ranges were between O and 60 microns and was 
obtained by using the 40X objective on the microscope. 
Particle size ranges of copper and 1100 - Hl8 aluminum 
which were between O and 300 microns were counted using 
the lOX objective producing a magnification of 130X. Ten 
randomly selected unit areas were counted per pad to de-
termine the particle size distribution for each specimen. 
After determining the particle size distribution, the en-
tire pad was scanned using the lOX objective to determine 
the largest size particle. Generally~ the largest size 
observed during the determination of the particle size 
distribution was comparable with the largest size found 
during the scanning of the entire pad at a lower objective 
power. 
Appendix B 
Cumulative Weight Loss Curves for Cavitated Specimens 
Given are the cumulative weight loss curves for the 
materials tested for the determination of contaminant 
generation characteristics. As can be seen from Figures 
B-1 through B-6, all materials tested reached a steady 
state region (constant slope),and for the two specimens 
tested of each material the slopes were approximately 
equal at the steady state region. Only one specimen of 
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Photographs of Generated Particulate 
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103 
The photographs in Figures C-1 through C-5 show the 
particulate generated as a result of cavitation action on 
various materialso The width of the grid line in the 
photographs is approximately 100 microns. Photographs C-1 
through C-4 were taken of particulate generated during the 
steady state region (rate of weight loss is constant). 
Figure C-5 is a photograph of 2024-T351 aluminum after an 
initial five minute cavitation exposure and is typical of 
the smaller sizes generated for the various materials dur-
ing the accumulation zone (rate o,f weight loss increases 
with time). 
Figure C-1. Photographs of Generated 1100~Hl8' 





Photograph of Generated Brass 
Particulate at Steady State 
Conditions 
Photograph of Generated Monel 
Particulate at Steady State . 
Conditions 
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Figure C-4. Photograph of Generated Copper 
Particulate at Steady State 
Conditions 
Figure c 5. Photograph of Generated 2024-T351 
Aluminum Particulate After 
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